The ever-improving time and space resolution and molecular detection sensitivity of fluorescence microscopy offer unique opportunities to deepen our insights into the function of chemical and biological catalysts. Because single-molecule microscopy allows for counting the turnover events one by one, one can map the distribution of the catalytic activities of different sites in solid heterogeneous catalysts, or one can study time-dependent activity fluctuations of individual sites in enzymes or chemical catalysts. By experimentally monitoring individuals rather than populations, the origin of complex behavior, e.g., in kinetics or in deactivation processes, can be successfully elucidated. Recent progress of temporal and spatial resolution in single-molecule fluorescence microscopy is discussed in light of its impact on catalytic assays. Key concepts are illustrated regarding the use of fluorescent reporters in catalytic reactions. Future challenges comprising the integration of other techniques, such as diffraction, scanning probe, or vibrational methods in single-molecule fluorescence spectroscopy are suggested.
S
ingle-molecule fluorescence spectroscopy (SMFS) has recently developed into a powerful tool for studying biophysical and biochemical phenomena. In studies of enzymatic catalysis, SMFS has revealed that there are large differences between the catalytic activity of individual enzymes within a population (''static disorder'') and that the rate constant (k cat ) of an individual enzyme may strongly fluctuate over time (''dynamic disorder''), the latter resulting from conformational changes of the enzyme. The recent application of SMFS to catalysis by solid materials has shown that heterogeneities in k cat also exist between individual catalytic crystals of one powder sample and even between the sites of an individual crystal. In this case, heterogeneity might arise from different chemical environments within the catalyst sample. The observation of heterogeneity in the k cat of those different catalytic systems suggests that the parallel introduction and evolution of SMFS techniques in bioand chemocatalysis will deepen our insights in almost any type of catalytic conversion. Indeed, the challenge to derive overall kinetics from the contributions of individuals within a population is essentially the same for biological, heterogeneous and even homogeneous systems, as discussed in From Populations to Individuals.
From a technical viewpoint, SMFS requires strongly fluorescent probe molecules. The concepts to use such probes and even the probes themselves can be exchanged freely between heterogeneous, homogeneous, and biocatalysis, as discussed in Probes for SMFS in (Bio)Catalysis. If one wants to map in even more detail the contributions of the individual enzymes or catalytic sites to the overall kinetics, further improvements of the spatial and temporal resolution of SMFS will be required (see Spatial Resolution: Micro-and Nanoscopy and Time Resolution and Dynamics). Finally, to complement the information from SMFS experiments with structural data, an important long-term aim is to integrate SMFS with other in situ techniques (see Integration of Techniques and Perspectives).
From Populations to Individuals
Nonuniformity is an inherent property of almost all catalytic systems. Even if heterogeneities are masked in traditional (bio)-catalyst characterization by averaging over an ensemble of entities, a deeper insight in the origin and nature of nonuniformities is necessary for the design of optimized (bio)catalytic systems.
Going down from bulk to the level of individuals has profound implications on the interpretation of the quantitative data. In classical ensemble experiments, a catalytic activity is evaluated by measuring changes in concentrations. When looking at single molecules, turnovers are stochastic events, and kinetics are described by probabilities rather than by concentration changes (1) . When activity is monitored at the single-molecule level for a population of identical catalytic sites, the probability of observing a turnover for an individual active site within a short time interval is therefore small (Fig. 1) . If one wants to evaluate site diversity, it is therefore necessary to observe not only a sufficiently large number of individual sites but also to observe each individual site over a sufficiently long time.
Until now, single-molecule catalytic research has focused mainly on the study of individual enzymes. The results have proven the existence of dynamic disorder, i.e., the fluctuation of activity of an individual enzyme over time, among the individuals of a seemingly homogeneous population (2-4). Dy- Fig. 1 . Stochastic nature of turnover events. This wide-field image was recorded during hydrolysis of fluorogenic fluorescein esters on a monolayer containing aminopropyl groups diluted by propyl groups. The amino group density is much higher than the spatial resolution of the fluorescence microscope. However, because each group is only sporadically active, the individual turnover events can be observed as isolated bright spots. (Inset) Density of aminopropyl groups (blue) versus propyl groups (gray) and the conversion of a nonfluorescent substrate (black) into a fluorescent product (red).
namic disorder is generally explained as the result of the thermodynamic equilibrium between different conformational states (Fig. 2a) . In this case, the ergodic principle holds: the time-averaged activity of one individual is equal to the average activity of the whole enzyme population at a certain point in time. When the disorder is of a static nature, the individuals no longer display the same time-averaged activity. Static disorder in enzymes can have a variety of origins, such as a difference of posttranslational modifications (5), different slowly interchanging conformational substates, or different local environments in immobilized conditions. To account for the disorder inferred from observations of single turnovers, the traditional MichaelisMenten model needs to be adapted. Therefore an extended two-dimensional Michaelis-Menten model has been proposed by adding a thermodynamic component that describes the interconversion among the several conformational substates of the individual enzymes (6) . The thermodynamic and kinetic components of the interconversion may affect each other through memory effects and substrate imprinting (7) . With imprinting is meant the conformational change induced by the binding of the substrate that is retained after the enzymatic cycle.
In the field of homogeneous chemical catalysis, stereoselectivity and catalyst stability are pursued by designing ligands that strictly define the coordinating atoms and the conformation of the metal complex. Nevertheless, in many cases, the homogeneous catalytic mix contains chemically distinct metal complexes, and each of these subpopulations reacts with different chemo-, regio-, or enantioselectivity. In Wilkinson's mechanism for Rh-catalyzed hydroformylation, HRh(CO) 2 L 2 leads to linear aldehydes, whereas more branched products are formed with HRh(CO) 2 L (L ϭ triphenylphosphine) (8) (9) (10) . In Sharpless's ligand-accelerated osmium catalysis, the enantioselectivity is controlled by dynamic ligand association equilibria between OsO 4 and OsO 4 ⅐L species (L ϭ e.g., dihydroquinine) (11, 12) (Fig. 2b) . Such activity variations may be caused by dynamic disorder but also by static disorder, for instance, when the ligands of an enantioselective epoxidation catalyst are irreversibly damaged, resulting in a metal species that catalyzes the epoxidation with lower or even no enantiomeric excess (13) . Dissolved single metal complexes, if fluorescent, can be studied in fluorescence correlation spectroscopy, ¶ or by isolation in femtoliter reactor chambers that contain a discrete number of complexes (0, 1, . . . ) (14) . The latter approach was illustrated in the study of inorganic redox catalysis by a discrete number of OsO 4 molecules, which catalyze the formation of emissive Ce 3ϩ (15) . Alternatively homogeneous catalysts can be observed after isolation on a surface, following the concepts of surface organometallic chemistry (16, 17) . Even reversible metal ion complexation dynamics can now be monitored by on/off switching of a fluorescent probe (18) , which is an excellent starting point for further SMFS studies in homogeneous catalysis. However, surface immobilization may create additional static disorder.
In heterogeneous catalysts, nonuniformity is intrinsically generated in unit operations such as hydrothermal synthesis, precipitation, catalyst activation, or formulation. In oxides, hydroxides, metals, etc., elemental compositions and structural properties such as porosity or lattice structures vary over different length scales. Both industrially manufactured and research samples of zeolites contain crystals with different dimensions, habitus, and degrees of intergrowth (Fig. 2c) . The concept ''population'' then not only relates to the collection of catalytic crystals but also to the individual active sites within one crystal. High-resolution surface studies, even on single-crystal model catalysts, show that undercoordinated features such as edges, kinks, and defects are preferred reaction sites (19, 20) . Even on well defined single crystal surfaces, such as Pt(110) or Pd(100), catalytic reaction induces dynamic reconstructions, resulting in coexistence of different surface structures (21) .
Probes for SMFS in (Bio)Catalysis
The potential of an analytical technique in studying catalyst nonuniformity is critically determined by its ability to specifically probe molecular species and to extract information on the local environment. In this section, we will give an overview of the different approaches on how probe molecules can be used to explore bio-as well as chemocatalysts.
SMFS, as such, can easily distinguish between reactants and products of a well chosen catalytic reaction, but the technique is not restricted to merely detecting molecules based on photon flux or intensity. In multiparameter fluorescence detection, other intrinsic chromophore properties can be probed, such as the emission spectrum, the fluorescence lifetime, and the fluorescence anisotropy (22) . Although counting of stochastic turnovers is typically based on intensity fluctuations or changes, the other chromophore properties contain supporting information for the physicochemical interpretation of these turnover rates.
A vast amount of probes that were originally designed for biological research can readily be integrated in dif- ¶ T. Dertinger, I. Gregor, I. von der Hocht, R. Erdmann, B. Kraemer, F. Koberling, R. Hartmann, and J. Enderlein (3), and on the crystal planes of individual crystals, different sites (4).
ferent schemes in (bio)catalytic research. First, a fluorogenic substrate can be converted to an emissive product, as in the hydrolysis of fluorescein diacetate to fluorescein. This reaction has been applied to visualizing single turnovers on isolated lipases or to visualizing variations in activity between different facets of inorganic catalytic crystals (23) (24) (25) . Essentially the same approach has been implemented at the ensemble level for ultrasensitive high-throughput catalyst screening (26, 27) . A sufficient bathochromic or hypsochromic shift can also be induced by formation or breakdown of conjugated systems, e.g., in homogeneously catalyzed Heck reactions (26) , or in biocatalytic lipid peroxidation (28) . Catalytic cleavage of a covalently bound (tethered) quenching group also allows selective detection of a single-product molecule against a background of excess reactant (29) (Fig. 3a) .
Such experiments can be refined beyond simple turnover counting by adding a dimension of chemoselectivity. Substrate regioselectivity can be studied by designing probes in which cleavable and quenched chromophores are incorporated at different loci. Thus, commercial probes for phospholipase activity are available, from which, e.g., bodipy chromophores can be released from the phospholipid backbone by cleavage at the sn-1 or at the sn-2 position (30, 31). Product isomer distributions can be probed locally if the chromophore properties depend on the substitution pattern. For instance, when a monosubstituted aromatic compound is vinylated, o-, m-, and p-isomers of the conjugated product may be formed, each with distinct chromophore properties (lifetimes, spectra, etc.).
In a second widely applicable approach, a fluorescent catalyst is designed in which the fluorescence of a reporter group is switched on and off during each catalytic cycle (Fig. 3b) . The early study on cholesterol oxidase by Lu et al. (7) uses the on/ off cycle of fluorescent FAD and nonfluorescent FADH 2 as an inherent reporter. In an extension of this scheme, the fluorescence of a reporter chromophore in close proximity of a catalytic metal center can be switched on and off by changes of, e.g., the metal valence state or by reversible coordination of a ligand to the metal center (see above and refs. 18, 32, and 33). The latter idea is already used in the design of molecular switches and of fluorescent, cryptand-based indicators for Na ϩ , Ca 2ϩ , etc. (34) . In a similar manner, single molecule fluorescence studies provide a toolbox for monitoring a broad range of catalyst properties, particularly in the study of solid materials. For instance, local acidobasicity can be followed with acidic or basic probes (35) , which are commercially available in a large variety (36) (Fig. 3c) . The acidobasicity of the complete catalyst particle can be mapped after an aliquot of the probe has been equilibrated with the sample, or the chromophore properties can be followed while a single probe is walking over surfaces or through channels by diffusion (Fig. 3c) . Analogous probes can be devised for locally reporting redox states, e.g., in a mixed-oxide catalyst, for probing electron-donating or electronaccepting properties of solid surfaces or for locating freely available coordination sites for incoming reagents. Many probes are known to change their spectra, lifetime, or intensity upon changes of the polarity or because of hydrogen bond formation. Finally, use of functional probes with varying dimensions allows the study of the accessibility of enzyme pockets or the access to acid/ base functions, metal nanoclusters, etc., in heterogeneous catalysts (37) .
Spatial Resolution: Microand Nanoscopy
The characteristic lengths for catalysts and catalytic phenomena range from Ͻ1 nm to the macroscopic scale. The nanometer is the fundamental length scale to express the size of crystallites in well dispersed supported noble metal catalysts, of cavities in zeolites and metalorganic frameworks, of ligands in coordination complexes, or of active centers of enzymes, which implies that proper characterization techniques should be able to monitor ultralow quantities, preferably with single-molecule sensitivity, with a sufficiently high spatial resolution. Because optical resolution is classically limited by diffraction, the resolving power is of the same order of magnitude as the wavelength used. Subnanometer wavelength techniques, like electron microscopy, generally operate under ex situ conditions and lack the molecular specificity of SMFS. Although SMFS can operate in condensed phase and has the desired single-molecule sensitivity, it makes use of longer, visible wavelengths, which results in a resolution of Ϸ500 nm in the focal plane and Ϸ1 m along the optical axis. The confocal approach facilitates three-dimensional imaging, but it improves the resolution only with a factor of Ϸ2. Note that the diffraction limit does not impede colocalization of spectrally distinct molecules. However, the crucial challenge in catalytic systems will be to spatially resolve spectrally identical probe molecules interacting with the catalyst, on length scales that are much Ͻ200 nm. We will now consider technical evo- lutions that are expected to be useful in studying structured catalysts. Although in far-field microscopy the light needs to be focused, this focusing process is no longer necessary in the near-field variant, where ultrasharp tips are used to scan surfaces (38) , which allows the localization of objects at subdiffraction resolution. This approach is valuable to study two-dimensional structures, but the depth profile obtained is far more limited than in far-field methods.
A major breach through the diffraction limit was achieved with a nonlinear process, STED (stimulated emission depletion microscopy). In STED, the saturated depletion of the excited state is used to reach macromolecular-scale resolutions, down to 15-20 nm in the focal plane. The excitation spot is overlapped with a doughnut-shaped beam; this second light beam serves as a deexcitation beam forcing the excited molecules back to the ground state, resulting in the fluorescence from a very small central node not covered by the depletion beam. Oversaturating the deexcitation squeezes the fluorescence spot to subdiffraction dimensions (39, 40) . Using other reversible saturation processes such as photoswitching can contribute to improving spatial resolution, whereas time resolution is another matter of concern. This approach can, for example, be used to reduce the area over which turnovers are counted.
A recent development in wide-field fluorescence imaging is to combine structured illumination with a nonlinear fluorescence response. Essentially, a high-intensity, sinusoidally patterned illumination results in saturation of the fluorescent molecules in the image except for those in the small nodes of the structured illumination. When scanning the sample, the emission intensity only changes in the zero-intensity regions, so by extracting spatial high-frequency components using Fourier analysis, superresolution is realized. As a proof of concept, individual 50-nm fluorescent beads were distinguished within aggregates (41) .
In traditional, linear wide-field fluorescence microscopy, the location of a single emitter can be determined to almost arbitrarily high accuracy if a sufficient signal-to-noise ratio (SNR) can be achieved. By recording the point spread function (PSF) of a single emitter and locating its center by a two-dimensional Gaussian fit, resolutions down to the nanometer scale have been shown (42, 43) . However, when multiple emitters are in close proximity, these resolutions cannot be obtained. Recently, a few solutions have been proposed. If nonresolved probe molecules are subject to stepwise bleaching, their relative positions can easily be traced back by consecutive fits of the PSFs (44) . Another scheme makes use of the random on/off photoswitching of a fraction of the present molecules, which, combined with reconstruction, yields nanometer resolved images (45, 46) . Such a scheme can easily be implemented in the observation of single fluorescent products on the surface of a heterogeneous catalyst. Because reaction at the different sites is a ''stochastic'' process, recording consecutive frames should allow determining the activity of surface areas down to a few square nanometers (Fig. 4) . The required SNR can be obtained by using high excitation powers because bleaching is not an issue. One can think of visualizing differences in activity governed by surface cracks or local defects, or one can now look at nanometer-sized crystals.
Next to direct imaging of objects through their fluorescence intensity, indirect methods have been used to study processes at the subnanometer to 10-nm length scale. Fluorescence resonance energy transfer (FRET) between a fluorescent donor and acceptor is routinely used to quantify interactions Ͼ1-10 nm; even shorter distances, Ͻ1 nm, can be probed by electron transfer between a fluorescent molecule and donors or acceptors in its proximity. By using FRET, folding of RNA during RNase activity has been monitored (47) . Electron transfer from tyrosine residues to an isoalloxazine has been used to study conformational dynamics in a flavine reductase at angstrom scale (48) . Energy and electron transfer phenomena can also be exploited to study the distances between nanoscale metal particles and the acid sites of the support in bifunctional heterogeneous catalysts. These phenomena could provide a direct experimental verification of Weisz's intimacy criterion, which for hydrocracking reactions empirically describe the maximum distance between reaction sites for (de)hydrogenation and acid-catalyzed reactions such as isomerization and cracking (49, 50) .
Time Resolution and Dynamics
Although traditional characterization techniques mainly determine static properties of catalyst populations, probing time-related dynamics of individuals is required for deconvoluting collective reaction rates into contributions of spatially distinguishable, catalytically competent subpopulations. The time scales of interest to a catalytic site can span the whole catalyst lifetime, in the study of catalyst activation or deactivation, or may be shorter than a picosecond if short-living reaction intermediates are to be probed. In many cases SMFS already can give an experimentally justified statistical basis to the kinetics of catalyzed processes.
Single-molecule techniques are highly advantageous for following the course of a catalytic process because there is no need to synchronize the events at individual reaction sites within the population. After statistical analysis of the whole population, the individual components can be assigned to specific subpopulations, which allows study of catalyst populations in which the subgroups are in a dynamic equilibrium with one another (see above). Such information would not be accessible by traditional bulk experiments because of averaging. For counting individual turnovers, the time resolution achieved in SMFS, e.g., 10
Ϫ4 s, is sufficient for most catalytic systems. Even for the most active homogeneous catalysts, turnover frequencies (TOFs) seldom exceed 10 s Ϫ1 ; only some enzymes, such as catalase (80,000 s Ϫ1 ), display TOFs beyond the time resolution of current SMFS. To follow turnovers at an individual site over a sufficiently long time, it is preferable to monitor products of a fluorogenic reaction. Other approaches, for instance, using a chromophore with switching fluorescence in a ligand or cofactor, may face the problem of photobleaching, which would prevent observation of sufficiently long time traces. Observation of the dynamic disorder in single enzymes over long time periods has shown that the enzymatic TOF may fluctuate over time scales between 10 Ϫ3 s and 10 s (3, 23, 24, 51, 52). Although turnover counting by SMFS has not yet been studied extensively in heterogeneous catalysis, it has been used to prove static disorder on either two-dimensionally or three-dimensionally organized catalysts (25, 53) .
Time-resolved imaging combined with a high degree of spatial resolution fulfills the requirements for investigating diffusion of single molecules in pores of individual catalyst particles (54) (55) (56) . Even if the channel dimensions in micro-or mesoporous materials are well below the diffraction limit, useful information can be retrieved by analyzing the diffusion trajectories of individual molecules or by studying correlation in a single-point fluorescence time transient (57) . For a terrylenediimide dye diffusing in a mesostructured molecular sieve, it was possible to prove the existence of two subpopulations, one containing mobile dye molecules, and a minor fraction of stationary molecules, which could be assigned to ''dead ends,'' e.g., in collapsed pores, or to strong sorption sites (55) . Exchanges between the subpopulations are evidenced by observation of a single molecule that becomes mobile again after a stationary period. In microporous materials such as zeolites, in which (sub)nanometer pores cross micrometer-sized crystals, information on diffusion by SMFS will be invaluable to an understanding of the role of diffusion barriers, either as fault planes or as local obstructions of pores by synthesis debris or collapse (Fig. 5) . For hierarchical, bimodal porous materials, which ideally combine improved transport properties in mesopores with shape selectivity in micropores, the dynamic transitions of the molecules between both pore systems should be easy to investigate with SMFS. The results need to be confronted with data from other techniques, such as macroscopic uptake or pulsed-field gradient NMR experiments, which probe diffusion over varying time and length scales (58) .
Relative motions of biocatalytic centers and reagents are crucial as well when the enzyme is embedded in a structure, e.g., a natural or artificial membrane, or in an inorganic or polymeric host used for enzyme immobilization. Processive movements of enzymes over substrates have been observed on flat substrates, as for phospholipase-1 action on phospholipid bilayers, or on polymer chains, as for DNA polymerase acting on unwound single-stranded DNA (59, 60) . In the case of immobilized enzymes and mobile reagents, SMFS can generate new insights on the diffusion of reagents and products through gel-type or macroreticular resins or through cross-linked enzyme crystals or aggregates, which is crucial in understanding, e.g., product inhibition in industrial biocatalysis.
On top of the study of translational diffusion, SMFS allows us to follow rotational dynamics and orientation of single molecules by monitoring fluctuations in fluorescence polarization. In an experimental catalytic context, it is extremely challenging to attempt to relate catalytic or sorption behavior to local orientation at the single site because doing so requires that the orientation of the surrounding matrix, e.g., the protein structure, or the pore structure of a solid catalyst, can be controlled and measured as a framework of reference. Measurements of average orientation with respect to planar surfaces are possible by using, for instance, second harmonic generation, but clearly such results pertain to ensemble averages (61) . For fluorescent single molecules in a polymer film, heterogeneities in rotational dynamics have been observed (62) . For adsorption and catalysis in microporous solids, it is important to understand not only the location of ad- sorbed molecules but also their rotational freedom because bulk equilibrium adsorption data suggest that not only enthalpy but also entropy effects are crucial in determining shape-selective uptake of guests in, for example, molecular sieves (63) .
As a long-term goal, increased time resolution is needed for detecting the elementary reactions and intermediates of a catalytic cycle or even the transition states. Attempts have been made recently with pump-probe techniques (64) . For photo-induced reactions, the pump pulse can initiate the reaction. The probe pulse, released with an adjustable delay time of a few femtoseconds, can subsequently detect intermediates. However, this experimental scheme requires accumulation of pulse sequences over several milliseconds, thereby significantly lowering the real-time resolution. Because accumulation over an ensemble of molecules, as is done in traditional femtosecond laser spectroscopy, has to be replaced by accumulation of pulse sequences on a single active center, photostability of the probe molecule will be one of the limiting factors in this type of experiment.
Integration of Techniques and Perspectives
Although f luorescence microscopy is able to spatially map inhomogeneous activity in catalytic materials, one needs to couple such data to insights in the nature of the active sites. When the catalytic materials contain sufficiently large crystals, it is straightforward to distinguish the crystallographically different crystal planes or edges, even under an optical microscope. For instance, on a crystallinelayered double hydroxide sample, it is easily recognized that the catalytic properties of the structural OH groups on the basal plane should be different from those of exchanged OH Ϫ anions on the crystal fringes (65, 66) . However, many catalysts are micro-or nanocrystalline or are even amorphous. Therefore, gaining insight in the elemental composition or in the concentration of active sites with different spectroscopic signature is required. It is preferred to characterize the same catalyst particle simultaneously by SMFS and a combination of other techniques. However, when such an in situ combination is not possible, highresolution ex situ techniques still can reveal useful information. For instance, extended x-ray absorption fine structure on metal ions or wavelengthdispersive elemental analysis in scanning electron microscopy can be complementary to f luorescence-based activity assays, although spatially overlaying the maps obtained by different techniques remains a potential source of ambiguity.
Fortunately, experimental conditions of SMFS and other techniques increasingly become compatible and show a great potential for future applications. Atomic force microscopy (AFM) is probably the most obvious technique for use in combination with SMFS (67) . The possibility to perform AFM measurements in liquid media allows a thorough in situ examination of the surface structure, in particular the exact localization of the catalytically interesting edges, kinks, and defects, while at the same time this information can be coupled to the optically obtained catalytic data. Moreover, the possibility of mapping the chemical composition of a surface by a modified tip makes AFM a very unique tool. It has been shown that local Raman spectra can be recorded with silver-or gold-coated tips (68 -70) . IR techniques are frequently used to characterize inorganic solid catalysts, but they lack sensitivity and the optical resolution that can be achieved is limited because of the higher wavelengths used (71) . Surface-enhanced (resonance) Raman spectroscopy [SE(R)RS] from a metal-coated AFM tip does not suffer from these limitations. Indeed, it has been shown that fingerprint signatures of molecules and functional groups can be obtained with this technique, in the best case with nanometer resolution (72, 73) . As illustrated in Fig. 6a , the combination of f luorescence and SER(R)S could give insight into the nature of the active centers responsible for the catalytic activity. For certain catalysts that are conductive (e.g., gold-based catalysts) one can even apply scanning tunneling microscopy (STM) as an angstrom resolution surface characterization technique. Note that besides Raman signals, f luorescence intensity can also be locally enhanced by proper control of the distance between the tip and the f luorescing site or molecule (74, 75) .
When more precise information on the elemental composition and/or crystallographic properties of the inorganic phase is needed, the techniques of choice are x-ray diffraction and electron microscopy. The latter technique, however, has to be applied in a vacuum or at very reduced gas pressure and thus requires ex situ combination with fluorescence observation (45) . In situ combination of x-ray diffraction and SMFS seems now within the reach of optical microscopists, thanks to recent developments in benchtop x-ray sources (76) (77) (78) . Indeed, by focusing femtosecond laser pulses of the type that is generally used in fluorescence microscopy on, for example, aqueous solutions of alkali metal chlorides, femtosecond x-ray pulses of well defined wavelengths are generated. Fiber-assisted ''focusing'' of these pulses on the sample allows mapping of the crystal properties of the catalysts with a time resolution down to the nanosecond level and a spatial accuracy of down to 1 m (Fig. 6b) . In combination with SMFS activity analysis, these time-resolved diffractograms can reveal local turnover-induced structural transformations in the catalysts (see above) (79) . Furthermore, high-resolution optical images obtained by mapping stochastic turnover events (45, 46) can be compared with x-ray diffraction data of the inorganic catalyst, thus directly linking activity to crystal properties.
Although industrial catalysts generally are micrometer-sized to facilitate filtration or recycling, mass transfer limitations are more easily eliminated by scaling down the crystals to submicron dimensions. Suspensions of such catalysts may be studied by combining the f luorescence approach with optical trapping (Fig. 6c) . This strategy eliminates the artifacts that arise when a crystal is deposited on a glass slide; in such case, the crystal may be no longer accessible through the face making contact with the substrate. Using optical tweezers to trap a single catalyst in the laser focus removes this problem. Both Raman spectroscopy and f luorescence spectroscopy can be readily combined with optical trapping (80 -82) .
Until now, possible combinations of SMFS and other in situ characterization techniques have been outlined. As a new challenge, one could envision manipulating the outcome of catalytic processes by applying laser light. Therefore, single-molecule microscopy could be combined with coherent control techniques well established today in femtosecond spectroscopy (83, 84) . The use of light to control reaction pathways is one of the most exciting prospects in chemistry. Coherent control aims to steer a molecular system toward a desired outcome by exploiting quantum interference effects. Recent studies have shown that quantum interference between multiple excitation pathways is used to cancel coupling to the undesired channels. To achieve this goal, complex pulseshaping schemes are being developed. In reactions with potential functionalization at CH 3 -, -CH 2 -, or -CH-, such as oxidation reactions, one could envision selectively enhancing the disfavored reaction path, i.e., the reaction at CH 3 . In the framework of the approach proposed here, the potential product molecules should have different extents of conjugation so that they can be discriminated based on their spectral properties (Fig.  6d) . If this scheme can be realized, the chemists' ultimate dream of making molecules at will, one by one, comes within reach. 
